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MetabolismMegachile rotundata, the alfalfa leafcutting bee, is a solitary, cavity-nesting bee.M. rotundata develop from
eggs laid inside brood cells constructed from leaf pieces and placed in series in an existing cavity. Due to
the cavity nesting behavior of M. rotundata, developing bees may experience hypoxic conditions. The
brood cell itself and the position of cell inside the cavity may impact the rates of oxygen diffusion creating
hypoxic conditions for developing animals. We hypothesized that bees would be adapted to living in
hypoxia and predicted that they would be highly tolerant of hypoxic conditions. To test the hypothesis,
we measured critical PO2 (Pcrit) in pupalM. rotundata of varying ages. Deﬁned as the atmospheric O2
level below which metabolic rate cannot be sustained, Pcrit is a measure of an animal’s respiratory capac-
ity. Using ﬂow through respirometry, we measured CO2 emission rates of developing bees exposed to 21,
10, 6, 5, 4, 3, 2, 1, and 0 kPa PO2 and statistically determined Pcrit. Mean Pcrit was 4 kPa PO2 and ranged
from 0 to 10 kPa PO2, similar to those of other insects. Pcrit was positively correlated with age, indicating
that as pupae aged, they were less tolerant of hypoxia. To determine if there were developmental changes
in tracheal structure that accounted for the increase in Pcrit, we used synchrotron X-ray imaging and mea-
sured the diameter of several tracheae in the head and abdomen of developing bees. Analyses of tracheal
diameters showed that tracheae increased in size as animals aged, but the magnitude of the increase var-
ied depending on which trachea was measured. Tracheal diameters increased as pupae molted and
decreased as they neared adult emergence, possibly accounting for the decrease in hypoxia tolerance. Lit-
tle is known about respiratory structures during metamorphosis in bees, and this study provides the ﬁrst
description of tracheal system structure and function in developing M. rotundata. Studies such as this are
important for understanding how basic physiological parameters change throughout development and
will help to maintain healthy pollinator populations.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Adult insects are well known for their hypoxia tolerance
(Harrison et al., 2006; Hoback and Stanley, 2001). However, juve-
nile and pupal insects are not as predictable in their tolerance of
hypoxia. For example, juvenile grasshoppers are 15-fold less toler-
ant of hypoxia compared to adults (Greenlee and Harrison, 2004a),
whereas caterpillars of the moth Manduca sexta can maintain their
metabolic rates down to relatively low oxygen levels (Greenlee and
Harrison, 2005). Drosophila larvae and adults tolerate hypoxia
equally well, breathing in as little as 1% O2 (Klok et al., 2010). Med-
ﬂy pupae sealed in groups in containers become hypoxic in a mat-
ter of hours, yet have 90% adult survival, indicating that pupae may
have mechanisms for compensating for hypoxia (Nestel et al.,2007). Although many insects tolerate acute exposure to hypoxia,
rearing insects in hypoxia causes delays in growth and smaller
body sizes (Harrison and Haddad, 2011; Klok et al., 2010). In addi-
tion, Drosophila melanogaster reared in hypoxia over many genera-
tions evolve larger larval tracheae (Henry and Harrison, 2004).
Insects that live in such environments are expected to have adap-
tations to living in hypoxia.
Hypoxia tolerance is enabled by the insect tracheal system, a
simple, yet ﬂexible, high capacity respiratory system. The insect
respiratory system consists of a series of tubes that branch into
smaller tubes, reaching tissues as blind-ended tubules called
tracheoles. Air ﬂow through the tracheal system is controlled by
pairs of spiracles, valved openings on the body wall. In many
insects, neural control of spiracles coordinated with muscular
movement of the body drives airﬂow through the system. Muscu-
lar movements can include thoracic contractions, such as those
that occur during ﬂight, head movements, or more commonly,
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abdominal pumping behavior to drive gas through the respiratory
system (Greenlee and Harrison, 1998, 2004a; Greenlee et al., 2013).
Often the external abdominal movements are accompanied by
changes in diameter of the internal structures, the tracheae
(Greenlee et al., 2009, 2013; Kirkton et al., 2012). For insects that
develop inside enclosed structures, such as in brood cells, observa-
tions of respiratory movements are difﬁcult.
The alfalfa leafcutting bee, Megachile rotundata, is a solitary,
cavity-nesting bee. Females construct brood cells out of layers of
leaf pieces in existing cavities, such as a beetle tunnel in a log or
the stalk of a plant (Gerber and Klostermeyer, 1970; Pitts-Singer
and Cane, 2011). Females deposit an egg on top of a food provision
of nectar and pollen and cap the cell with another leaf disc.
Females seal the cells by chewing the edges of the leaves to a pulp,
which renders them uniﬁed upon drying (Trostle and Torchio,
1994). Young M. rotundata hatch and will either develop continu-
ously to the adult stage or undergo diapause, spending the major-
ity of the winter inside the brood cell in a state of quiescence,
emerging as adults the following spring or summer. In both cases,
the larvae and pupae are enclosed in the brood cell for extended
periods of time, up to a year in the case of diapause.
Developing M. rotundata may be exposed to hypoxic environ-
ments inside their brood cells. While it is difﬁcult to measure O2
levels inside the brood cell, data suggest that insect nests in trees
may be hypoxic, especially inside of the individual brood cells.
Gases sampled underground from tiger beetle larvae burrows
showed levels of O2 as low as 12% and from decaying stumps as
low as 14% (Anderson and Ultsch, 1987). The long-horned beetle,
Orthosoma brunneum, has been found in decaying trees with as lit-
tle as 2% O2 (Paim and Beckel, 1963). Ants, Camponotus anderseni,
live in hollowed tree stalks and survive tidal ﬂoods by sealing
themselves inside the nest during submersion (Nielsen, 2000).
Sealed nests quickly become hypoxic (14% O2 after only 60 min),
and the drop in O2 is even more dramatic as the number of ants
sealed inside increases (Nielsen et al., 2006; Nielsen and
Christian, 2007). Thus, the possibility of M. rotundata developing
in hypoxic conditions is plausible.
We have recently shown that adult M. rotundata bees tolerate
hypoxia reasonably well, maintaining their metabolic rates down
to 4% O2 (Bennett et al., 2013). However, tolerance of hypoxia dur-
ing other life stages is unknown for this bee. We predict that, since
these bees may be adapted to living in potentially hypoxic condi-
tions during larval and pupal development, insects in these stages
will have even greater hypoxia tolerance than adults. To character-
ize the respiratory capacity of this insect during metamorphosis,
we measured the critical PO2 (Pcrit) in insects at different days
throughout this stage. Pcrit depends on both the insect’s metabolic
rate and the tracheal system conductance. To determine whether
conductance varies in developing bees, either through changes in
respiratory movements or changes in the size of the tracheae, we
used synchrotron X-ray imaging to visualize abdominal or tracheal
movements in normal or hypoxic air. We also measured diameters
of major tracheae in the head and abdomen.2. Methods
2.1. Animals
Prepupal M. rotundata were purchased as loose cell bees from
JWM Leafcutter, Inc. (Nampa, ID). Brood cells were maintained at
6 C until use. Cells containing post-diapause, quiescent prepupae
were haphazardly selected and placed, one cell per well, into 24-
well cell culture plates (Greiner Bio-one, Monroe, NC). Culture
plates were placed in an incubator (Torrey pines ECHOthermCarlsbad, CA) at 29 C to initiate metamorphosis. The prepupae
were allowed to develop for at least two days before being selected
for Pcrit estimation or X-ray imaging. Pupae were sampled at vari-
ous times during development, from two to twenty days. We used
days of incubation at 29 C as our metric of pupal age. For X-ray
imaging studies, the stage of a developing bee was determined
visually and placed into one of four categories: prepupa, pupa,
eye-pigmented pupa, or pharate adult.
2.2. Respirometry
To quantify hypoxia tolerance of bees, we determined their crit-
ical PO2, Pcrit, using ﬂow through respirometry, as previously
described (Bennett et al., 2013; Greenlee and Harrison, 2004a).
We used CO2 emission rather than O2 consumption for estimating
Pcrit, because it is difﬁcult to measure O2 consumption in hypoxia in
such small insects with low metabolic rates. In grasshoppers,
Schistocerca americana, the Pcrit was the same when calculated with
either CO2 emission or O2 consumption (Greenlee and Harrison,
2004a). Prepupae in brood cells were haphazardly selected from
culture plates, and a single brood cell was placed into an air-tight
chamber constructed from a 6 ml syringe and tubing connectors.
Brood cells were allowed to rest in the chamber for more than
10 min prior to measurements. We measured CO2 emission rates
of M. rotundata (n = 29) exposed to decreasing levels of oxygen
(21, 10, 6, 5, 4, 3, 2, 1, and 0 kPa PO2) for a period of ten minutes
at each level. Hypoxic gases were produced by diluting dry, CO2-
free room air (Balston purge gas generator, Haverhill, MA) with
N2. Two mass ﬂow meters (Sierra Instruments, Monterey, CA) con-
trolled by a mass ﬂow controller (MFC-4; Sable Systems, Inc., Las
Vegas, NV) were used to make the gas mixes, which were directed
into a 60 ml syringe with the plunger removed. Gases were sub-
sampled from the syringe and pushed through the animal chamber
at a constant rate of 50 ml min1 using a ﬂow controller (AEI Tech-
nologies R-2, Naperville, IL). Excurrent gas was directed through an
infrared CO2 analyzer (Li-Cor 6252, Lincoln, NE). The respirometry
system was plumbed with Tygon™ tubing.
Analog signals from the CO2 analyzer were digitized and
recorded using Sable Systems data acquisition hardware (UI2)
and software (Expedata version 1.4.15, Sable Systems, Inc., Las
Vegas, NV). Empty chamber baselines were recorded before and
after every experiment and used for a baseline correction. After
recording,M. rotundatawere removed from the chamber, dissected
from their brood cells, and weighed using an analytical balance
(Mettler Toledo, Columbus, OH).
2.3. Determination of Pcrit
Data were analyzed using Expedata software (version 1.4.15,
Sable Systems, Inc., Las Vegas, NV). The average CO2 emission rate
of each insect was calculated at each oxygen level. Pcrit was deter-
mined as previously described (Bennett et al., 2013; Greenlee and
Harrison, 2004a, 2005; Greenlee et al., 2007). Brieﬂy, we compared
95% conﬁdence intervals calculated from the CO2 emissions at each
O2 level. Three criteria were used for determining Pcrit. (1) At the
Pcrit, the conﬁdence interval does not overlap with the preceding
or following conﬁdence intervals. (2) The conﬁdence interval at
the Pcrit must be lower than a conﬁdence interval calculated from
all higher O2 levels. (3) The conﬁdence interval must be greater
than or equal to conﬁdence intervals at all lower O2 levels.
2.4. Synchrotron X-ray imaging
Developing M. rotundata were brought to the Advanced Photon
Source (Argonne National Laboratory, Argonne, IL, USA). Tracheae
of live insects (n = 53) were visualized using synchrotron X-ray
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charge-coupled device video camera, as previously described
(Socha et al., 2007). Fields of view for the 2 lens were
2.4  1.8 mm with a resolution of approximately 5 lm. The dis-
tance from the sample to the scintillator ranged from 0.8 to 1 m,
and the monochromatic X-ray energy was 25 keV. Video of the
X-ray images was recorded using a camcorder (TRV-900, Sony,
Tokyo, Japan) and mini-DV tapes. We used a metal grid (400 lines
per inch) as a spatial scale for the X-ray images. Bees were placed
in respirometry chambers, constructed from Plexiglas and kapton
plastic, on a remote-controlled stage, which allowed us to focus
on particular tracheae during the experiments, as previously
described (Kirkton et al., 2012). M. rotundata of a range of pupal
ages were placed in normoxia and hypoxia (5 and 10 kPa PO2) to
identify any hypoxia-induced tracheal system compressions
(Greenlee et al., 2013). Gases were mixed using mass ﬂow meters
(Hastings) and a mass ﬂow controller (Sable Systems, Inc., Las
Vegas, NV) at a ﬂow rate of 476 ml min1. Videos were digitized
and converted to image sequences using ImageJ software
(Rasband, 1997–2014). We used ImageJ to directly measure the
diameter of speciﬁc tracheae in the head and abdomen to
determine how tracheal system dimensions vary throughout
development.2.5. Statistical analysis
Repeated measures analysis of variance (RM-ANOVA) was used
to detect signiﬁcant differences among absolute and mass-speciﬁc
CO2 emission rates, with oxygen as the within-subjects factor and
age and mass as covariates. Data were log-transformed to equalize
variances. However, variances were still signiﬁcantly different
among groups, so lower-bound adjusted degrees of freedom were
used in RM-ANOVA. RM-ANOVA was also used to determine if
there were differences in tracheal diameter, with trachea location
as the within-subjects factor and days of incubation, mass or
developmental stage as the between-subjects factor. These data
exhibited equal variances and remained untransformed. We used
linear regression to identify relationships between mass, age
and Pcrit. Differences were considered signiﬁcant if p < 0.05.
Means ± S.E.M. are presented throughout.3. Results
3.1. CO2 emission rates
Atmospheric O2 levels signiﬁcantly affected both absolute and
mass-speciﬁc CO2 emission rates (F1,25 = 5.08, p < 0.04 for both
dependent variables). Absolute and mass-speciﬁc CO2 emission
rates increased initially when O2 dropped from 21 to 10 kPa PO2
and then decreased as the incurrent O2 level decreased further
toward anoxia (data for mass-speciﬁc metabolism shown in Fig. 1).
Days of incubation signiﬁcantly increased mass-speciﬁc CO2
emission rate (Fig. 1, F1,25 = 13.23, p = 0.001). Mass-speciﬁc CO2
emission rates were positively correlated with days of incubation
in O2 levels above 2 kPa PO2 (Fig. 1, Table 1).
Absolute CO2 emission rate (lmol h1) varied with days of incu-
bation (F1,25 = 12.67, p < 0.01) and body mass (F1,25 = 5.43, p < 0.03).
Body mass was not correlated with days of incubation (Fig. 2, mean
mass = 46.14 ± 1.90 mg; p = 0.1). However, regression of absolute
CO2 emission rates on mass within each O2 level showed that mass
and CO2 emission rate were correlated only in anoxia (Fig. 3,
Table 2).
Pcrit ranged from 0 to 6 kPa PO2 and was unaffected by mass
(p = 0.44). However, days of incubation increased Pcrit (r2 = 0.18,p < 0.03), with older animals being signiﬁcantly less tolerant of
hypoxia (Fig. 4).3.2. X-ray imaging
X-ray imaging revealed no tracheal system compressions in
normoxia or hypoxia for any of the prepupal or pupal bees. Diam-
eters of ﬁve tracheae from each animal were analyzed using two
methods (Fig. 5). First, we RM-ANOVA with tracheae location as
the within-subjects factor and mass and days of incubation as
covariates. There was no effect of body mass on diameter
(F1,50 = 0.005, p = 0.95). However, there was a signiﬁcant interac-
tion between trachea location and days of incubation, indicating
that the diameters vary differently depending on which trachea
is measured and how old the animal is (Fig. 6, F1,50 = 11.02,
p = 0.002). To tease apart the effect of location and age, we ana-
lyzed head and abdominal tracheae separately. Head tracheae var-
ied with body location (F2,102 = 5.58, p = 0.005). Head tracheae 1
was overall signiﬁcantly smaller than head tracheae 3 (Bonferron-
i-corrected post hoc tests, p = 0.01). Head tracheal diameter also
varied with days of incubation (Fig. 6, F1,51 = 5.69, p = 0.021).
Abdominal tracheal diameters both increased by about 33% across
the days of incubation that we measured (Fig. 6, F1,51 = 21.970,
p = 0.000). Because we suspected some pupae developed more
slowly than others (see overlap between symbols on days 8–13
in Fig. 6), we visually determined each bee’s developmental stage
(pre-pupa, eye-pigmented pupa, pupa, or pharate adult) and used
stage as a categorical variable for the RM-ANOVA. Again, there
was a signiﬁcant interaction between the location of the trachea
and the stage of the animal, suggesting that different tracheae have
different growth patterns throughout the developmental stages of
each animal (F12,44 = 3.004, p = 0.001). In general, as M. rotundata
molt from prepupae to pupae, tracheal diameter increases (Fig. 7,
Table 3). As insects develop from pupae to the eye-pigment stage,
diameter did not vary. From the eye-pigment stage to the pharate
adult, tracheae decrease to a diameter similar to that found in the
prepupal stage (Fig. 7, Table 3).4. Discussion
In this study, we aimed to characterize the respiratory structure
and function of M. rotundata, the alfalfa leafcutting bee. The life
history of this bee indicates that it may be adapted to living in
hypoxia. M. rotundata is an important pollinator and yet its physi-
ology is not well known. This is the ﬁrst study to characterize tra-
cheal system development during metamorphosis in the alfalfa
leafcutting bee. We found that M. rotundata is tolerant of hypoxia,
exhibiting a mean Pcrit of 4.4 kPa ± 0.3. We also found that respira-
tory capacity decreases as they mature to adults, as Pcrit increases
with development by as much as 60% from two days to 18 days
of incubation before adult emergence. In addition, we show that
tracheal dimensions vary throughout this developmental time per-
iod, perhaps contributing to the change in hypoxia tolerance. This
research is a ﬁrst step in describing the metabolic and respiratory
capacity of this bee throughout its post-diapause development.
We hypothesized that developing M. rotundata may be adapted
to living in low oxygen, and thus, we expected to see very low Pcrit
values for these bees. Oxygen availability may depend on the loca-
tion of the brood cell within the nest, with more interior bees expe-
riencing greater hypoxia. Terrestrial insects generally have Pcrit
values between 2 and 5 kPa PO2 (Greenlee and Harrison, 2004a;
Harrison et al., 2006; Hoback and Stanley, 2001; Lease et al.,
2012). The range of Pcrit values we recorded and the mean Pcrit of
around 4 kPa for adults and pupae do not exemplify exceptional
hypoxia tolerance. This could be due to several reasons. First, we
Fig. 1. Mass-speciﬁc CO2 emission rates ofM. rotundata on selected days of incubation as a function of atmospheric O2. Data are presented as means ± S.E.M. for each day that
had more than three bees.
Table 1
Regression equations and statistical tests for the relationship between mass-speciﬁc
CO2 emission rate (lmol g1 h1) and days of incubation for each oxygen level. Slope
(a) and intercept (b) ± S.E.M. are shown. F-values, degrees of freedom (df), and p-
values from the ANOVA for each regression are shown.
PO2, kPa a ± S.E.M. b ± S.E.M. F df p
20.5 0.033 ± 0.005 0.798 ± 0.051 48.19 1,28 0.000
9.8 0.026 ± 0.005 1.003 ± 0.059 24.47 1,28 0.000
5.9 0.025 ± 0.005 1.028 ± 0.059 21.70 1,28 0.000
4.9 0.020 ± 0.004 1.02 ± 0.049 19.67 1,28 0.000
3.9 0.026 ± 0.005 0.931 ± 0.059 18.98 1,28 0.000
2.9 0.025 ± 0.007 0.892 ± 0.075 10.53 1,28 0.003
2.0 0.026 ± 0.008 0.854 ± 0.085 7.03 1,28 0.013
1.0 0.013 ± 0.008 0.923 ± 0.089 0.77 1,28 0.389
0 0.002 ± 0.009 0.926 ± 0.102 0.07 1,28 0.797
Fig. 2. Mass as a function of days in incubation at 29 C for bees used in the Pcrit
study (black circles) and bees used in the X-ray imaging study (gray circles).
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slight overestimation of Pcrit. Additionally, hypoxia tolerance
among pupae varies across taxa, without any obvious patterns,
with Pcrit values ranging from less than 1% in diapausing Agapema
galbina (Buck and Keister, 1955) and less than 5% in Tenebriomolitor (Gaarder, 1918). Phormia regina pupae are reported to have
Pcrit values of less than 1% O2 (Park and Buck, 1960). Perhaps Pcrit is
not indicative of adaptations to living in hypoxia, as pupal tsetse
ﬂies, Glossina pallidipes, develop in hypoxic, subterranean locations
and yet have higher Pcrit values of 6% O2 (Basson and Terblanche,
2010). Last, perhaps, M. rotundata nest cavities and brood cells
are not hypoxic or not hypoxic enough to limit metabolic rates,
which could drive selection and adaptations to hypoxia. Measure-
ments of cavity PO2 and respiratory exchange ratios are needed to
resolve this.
Alternatively, signiﬁcant changes in the respiratory exchange
ratio (RER, the ratio of CO2 produced to O2 consumed) as insects
undergo metamorphosis could cause overestimation of Pcrit. Our
initial thoughts were that the insect is not feeding during this time
and should be using fat stores for metabolism, which would yield a
constant RER of 0.7 (Kleiber, 1975). This is supported generally in
the literature and speciﬁcally in M. rotundata, in which RER drops
from 0.8–0.9 in prepupae to 0.7–0.8 in pupae (Yocum et al.,
2005, 2006). However, it is unclear how this pattern varies as
metamorphosis progresses. In other studies, no clear pattern
between RER and age emerges. In the silkworm, Bombyx mori,
RER is high in the prepupal stage (1.59), drops during metamor-
phosis (0.86,) and decreases further in adults (0.74) (Blossman-
Myer and Burggren, 2010). This is hypothesized to occur because
of changing metabolic substrates and tissue histolysis (Kleiber,
1975). In contrast, in the cave-dwelling tenebrionid beetle, Zopho-
bas rugipes, RER remained near 0.7 throughout most of metamor-
phosis, indicating lipid metabolism, and increased to near 1,
suggesting a switch to carbohydrate metabolism, as they neared
adulthood (Kaiser et al., 2009). The authors also suggest that mel-
anization, which occurs as insects prepare for adult emergence,
could drive the RER toward 1. In pupae of both the tobacco horn-
worm, M. sexta, and the mealworm, T. molitor, RER varies with
development, signiﬁcantly decreasing toward 0.7 during the ﬁnal
stages of metamorphosis (Odell, 1998). Further studies are needed
to determine whether RER changes throughout metamorphosis in
M. rotundata.
A more complicated issue occurs if M. rotundata use anaerobic
metabolism. Since CO2 emission rate was used as our index of
metabolism, Pcrit may have been overestimated. It is not
uncommon for insects to use anaerobic metabolism when aerobic
Fig. 3. Absolute CO2 emission rate as a function of body mass, in PO2 levels of 21, 4, and 0 kPa (y = 0.4log(x)  1.58, r2 = 0.2). No regression lines are shown for 21 or 4 kPa PO2,
because there was no signiﬁcant correlation between CO2 emission rate and mass at those O2 levels (see Table 2).
Table 2
Regression equations and statistical tests for the relationship between absolute CO2
emission rate (lmol h1) and body mass for each oxygen level. Slope (a) and intercept
(b) ±S.E.M. are shown. F-values (F), degrees of freedom (df), and p-values (p) from the
ANOVA for each regression are shown.
PO2, kPa a ± S.E.M. b ± S.E.M. F df p
20.5 0.000 ± 0.004 0.224 ± 0.176 0.00 1,28 0.95
9.8 0.003 ± 0.003 0.024 ± 0.149 0.67 1,28 0.42
5.9 0.002 ± 0.003 0.011 ± 0.147 0.43 1,28 0.52
4.9 0.001 ± 0.003 0.208 ± 0.128 0.32 1,28 0.58
3.9 0.004 ± 0.004 0.336 ± 0.175 0.88 1,28 0.36
2.9 0.005 ± 0.004 0.437 ± 0.206 1.11 1,28 0.30
2.0 0.005 ± 0.005 0.488 ± 0.231 0.98 1,28 0.33
1.0 0.008 ± 0.005 0.692 ± 0.213 2.28 1,28 0.14
0 0.013 ± 0.005 1.014 ± 0.233 7.30 1,28 0.01
Fig. 4. Critical PO2 (Pcrit) as a function of days in incubation at 29 C. The regression
equation, represented by the solid line y = 0.13x + 3.15, shows a signiﬁcant
correlation between Pcrit and incubation days (r2 = 0.18, p < 0.03). Dashed lines
represent the 95% conﬁdence intervals. Darkened borders result from overlapping
symbols.
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et al., 2005; Zerm et al., 2004). If there is a signiﬁcant anaerobic
component to the CO2 production, we would expect to see varia-
tion in the RER with atmospheric O2. However, grasshoppers across
a range of ages showed an increase in RER only during recovery
from jumping, which may simulate a hypoxic state (Kirkton
et al., 2005), and hypoxic adult grasshoppers showed an increasein RER only as atmospheric PO2 dropped to the Pcrit (Greenlee
and Harrison, 2004a). Together, these results suggest that although
anaerobic metabolism may play an important role in hypoxia tol-
erance, it may not contribute signiﬁcantly until tissues are criti-
cally hypoxic.
Hypoxia tolerance varied throughout prepupal and pupal devel-
opment, with younger insects being more tolerant of low oxygen
levels (higher Pcrit) than older insects (Fig. 4). This is in contrast
to the response of the grasshopper, S. americana, in which Pcrit
decreases 15-fold from hatchlings to adults (Greenlee and
Harrison, 2004a). However, this work may be more comparable
to insects aging within one stage, since these bees are growing
within the prepupal and pupal stage. In that case, our data are sim-
ilar to those for third and ﬁfth instar caterpillars and adult grass-
hoppers, in which Pcrit values can double or triple as they grow
within those stages (Greenlee and Harrison, 2004b, 2005). In a
study using pupae, P. regina become oxygen limited at 10–15%
O2, and older pupae are less sensitive to hypoxia than 1–5 day
old pupae (Park and Buck, 1960). However, it is unclear if the older
pupae in that study included pharate adults, as in this study.
Hypoxia tolerance varies with life stage and species. Developing
a phylogenetic model of how Pcrit varies across insect species will
be useful to understand if there are certain life history traits that
underlie the variance in hypoxia tolerance.
Because the older pupae were less tolerant of hypoxia, we
tested the hypothesis that their tracheal structure and function dif-
fer throughout development. During the Pcrit trials, we noted
increases in CO2 emission rates as PO2 dropped (Fig. 1). We
hypothesized that this was due to abdominal pumping or other
ventilatory movements, as have been observed in other soft-bod-
ied insects (Greenlee et al., 2013). However, we did not observe
any tracheal compressions or increases in external movements in
the X-ray images. Perhaps the PO2 level used during X-ray imaging
was too high to elicit this behavior.
We also predicted that we would ﬁnd decreases in diameter
throughout the pupal stage, because Pcrit relies on the both the
metabolic demands of the insect and the tracheal system conduc-
tance. We measured increases in metabolic demand across meta-
morphosis (Fig. 1), and we measured increases in Pcrit during this
time. However, we found that tracheal diameter showed a curvilin-
ear pattern with days of incubation, where tracheal diameter
increased as insects molted from pre-pupae to pupae (Figs. 6 and
7). Tracheae in the head had a different pattern than tracheae in
the abdomen, a ﬁnding similar to that in grasshoppers. Tracheae
in different body regions often show different patterns of growth,
both within an instar in grasshoppers (Kirkton et al., 2012) and
across instars in a caterpillar (Greenlee et al., 2013). These data
ﬁt with the general hypothesis that decreases in tracheal
brood 
cell
thorax
head
tr1
tr2
tr3
tr1
tr2
abdomen
Fig. 5. X-ray images of a pupal bee showing tracheal diameters measured in the head (left panel) and the abdomen (right panel). A pharate adult (overlay) rotated at the same
angle of the pupa in the X-ray image is shown for orientation.
Fig. 6. Diameter of measured tracheae as a function of days in incubation. Different symbols represent the different developmental stages of the bees (dark blue
circles = prepupae, light blue triangles = pupae, black squares = eye-pigmented pupae, gray diamonds = pharate adults).
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could be a signal for an insect to molt to the next developmental
stage. Whether the decrease in tracheal diameter near the end ofthe pupal stage in pharate adults is maintained after adults emerge
is unclear. We would predict that the tracheal diameters would
increase upon adult emergence, in preparation for the increase in
Fig. 7. Diameter of head and abdominal tracheae as a function of developmental
stage. Stages with the same letters had diameters that were not signiﬁcantly
different. For simplicity, complete post hoc comparisons are not shown but
compiled in Table 3.
Table 3
Results of Bonferroni-corrected post hoc tests comparing tracheal diameters at
different developmental stages. pp = prepupae, p = pupa, ep = eye-pigmented pupa,
pa = pharate adult, asterisk indicates a p-value of less than 0.0008.
Trachea Stage (I) Stage (J) Mean difference (I–J) p-Value
Head 1 pp p 0.0264 0 ⁄
ep 0.0203 0.003
pa 0.0025 1
p ep 0.0061 1
pa 0.0289 0.012
ep pa 0.0228 0.058
Head 2 pp p 0.0260 0 ⁄
ep 0.0168 0.004
pa 0.0059 1
p ep 0.0091 0.808
pa 0.0319 0.001
ep pa 0.0228 0.016
Head 3 pp p 0.0367 0 ⁄
ep 0.0303 0 ⁄
pa 0.0055 1
p ep 0.0064 1
pa 0.0312 0.008
ep pa 0.0248 0.039
Abdomen 1 pp p 0.0342 0 ⁄
ep 0.0295 0 ⁄
pa 0.0141 0.132
p ep 0.0047 1
pa 0.0201 0.035
ep pa 0.0154 0.151
Abdomen 2 pp p 0.0324 0 ⁄
ep 0.0323 0 ⁄
pa 0.0171 0.032
p ep 0.0001 1
pa 0.0153 0.18
ep pa 0.0152 0.151
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demanding process (Harrison and Roberts, 2000). S. americana
grasshoppers have also been shown to increase investment in tra-
cheae as they age from hatchling to adults, presumably as a transi-
tion from jumping to ﬂight (Greenlee et al., 2009). To betterunderstand the structural changes that underlie the transition
from pupa to adult will require the use of micro-computed tomog-
raphy and 3D modeling of the tracheal system.
5. Conclusions
We conducted this research to better understand the physiolog-
ical changes that occur throughout juvenile development in
insects. Little is known about how the respiratory system transi-
tions during metamorphosis in bees. Major tracheal remodeling
is assumed to occur, as insects prepare for ﬂight. While more
research is being done on these critical life stages, it is still unclear
if there is a general pattern for respiratory physiology throughout
juvenile and pupal development in insects. Because of the interac-
tions between O2 and temperature (Frazier et al., 2001; Stevens
et al., 2010; Woods and Hill, 2004), climate change could have seri-
ous consequences for animals that already live in hypoxic condi-
tions. Understanding how these basic physiological parameters
change throughout development is critical for maintaining healthy
pollinator populations.
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